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Abstract 
The purpose of this study is to analyze the combined effects of storm surge and 
inland rainfall on the floodplain of a coastal bayou in the Houston area using dynamic 
hydraulic modeling. 
HEC-RAS, a one dimensional flow model, was run for both the steady and 
unsteady states in order to analyze the linkage between inland flooding and storm surge. 
First, the steady model was run to give a basic understanding of the watershed. The 
unsteady HEC-RAS model was then evaluated in the unsteady state which allowed both 
rainfall and storm surge from Hurricane Ike to be introduced dynamically. This allowed 
for a more accurate representation of the timing of flooding characteristics of Horsepen 
Bayou, and the modeled hydrographs generated an excellent match against measured data 
in Horsepen Bayou. Using this model it was discovered that the timing of both rainfall 
and storm surge play a significant role in the magnitude of flooding. 
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Chapter 1 - Introduction 
The goal of this study was to model and evaluate the additional flood risk posed 
by the presence of storm surge in the Galveston Bay area. Storm surge acts as an 
impedance to rainfall runoff and it is this interaction that inspired the study. The purpose 
of this study is to analyze the combined effects of hurricane-induced storm surge and 
inland rainfall on the floodplain of a coastal bayou in the Houston area using dynamic 
hydraulic modeling. Advanced hydrologic and hydraulic models were used along with 
measured data from Hurricane Ike, which impacted the Houston/Galveston area in 
September, 2008. 
1.1 Study Area 
In coastal areas like the United States Gulf Coast, hurricanes and tropical storms 
often bring storm surge and inland flooding. A number of major hurricanes have 
impacted the Gulf Coast in the past 100 years and evidence indicates that the past five 
years have been particularly damaging. The surge threat in these areas is real as was 
evidenced by Hurricanes Ivan, Charlie, Katrina, Rita, Wilma, and Ike between 2004 and 
2008. The focus area for this study was chosen because of its proximity to the storm 
surge impacts of the Texas Gulf Coast. 
Clear Lake City is located approximately 25 miles southeast of Houston proper 
and 5 miles west of Galveston Bay. Because of its proximity to Houston, NASA, and the 
petroleum industry located in the Galveston Bay area, Clear Lake has been rapidly 
developing area. As it has developed, areas within the city boundary have experienced 
frequent flooding, especially in the vicinity of Horsepen Bayou and its tributaries. The 
Horsepen Bayou watershed was chosen for this study and is a 19.4 square mile 
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urbanizing watershed that drains into the downstream portion of Armand Bayou which 
discharges through Clear Lake and into Galveston Bay. An area map can be seen in 
Figure 1. 
1.2 Watershed Characteristics 
Many of the characteristics of the Horsepen Bayou watershed are typical of a 
watershed situated on the Texas coast and, in particular, Galveston Bay. There is very 
little relief in the area and this flat topography results in poor overland drainage and very 
low channel slopes. The slope in Horsepen Bayou is less than 1.0 ft/mile which is a very 
low slope. 
Clay soils are typical in the area and the predominate soil in Horsepen Bayou is 
Lake Charles clay, a somewhat poorly drained soil with very low permeability. This 
leads to a very slow surface runoff. During the rainy hurricane season any substantial 
rainfall event will generate large runoff and infiltration will be minimal. (Wheeler 1976). 
The watershed also experiences subsidence caused by excessive groundwater withdrawal 
as well as oil and gas withdrawal. Subsidence will not be covered here in any detail, but 
it has been well studied for the Clear Lake area and has resulted in up to 5 feet of land 
subsidence over the past 100 years. 
In the Armand Bayou watershed, of which Horsepen Bayou makes up 30%, the 
average annual amount of rainfall is approximately 48 inches. Its location can be seen in 
Figure 1.1. The area is also prone to the occasional tropical storm and hurricane impacts 
which cause heavy rainfall accumulations, often several inches per hour. 
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Horsepen Bayou's direct and close connection to the Galveston Bay provides a 
pathway by which storm surge can easily reach the watershed, and also makes it 
susceptible to tidal flux. 
Figure 1.1: Location Map 
1.3 Rainfall Information and Trends 
The City of Houston is prone to flooding due to its proximity to the Texas Gulf 
coast and to severe storms that plague the area. Recent major floods have occurred 
between 1989 and 2003. Flood problems are associated with intense rainfalls on nearly 
flat slopes, mostly clay soils, and conditions of rapid urban expansion. Houston is listed 
third on the FEMA (1998) list of repetitive flood loss areas in the U.S., and in June 2001 
suffered major damage during Tropical Storm Allison, the highest damage up to that 
point from any urban flood (Bedient et al. 2007). 
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In the Houston/Galveston area, there has been a noticeable increase in high 
intensity rainfall events over the past few decades. There have been two storms larger 
than the 500 year event and six storms larger than the 100 year event since 1960. This 
large amount of rainfall coupled with rapid urban development has led to frequent 
flooding due to an under designed storm water management infrastructure. Horsepen 
Bayou has risen up to flood Clear Lake City four times in the past 30 years. (Dunbar 
2005). Guven and Bedient (2009) have presented data that implies a linear trend in 
severe storms, frequency of storms greater than 2 inches per day, over the past 60 years. 
1.4 Recent Hurricanes 
Hurricane Katrina and its associated damages have brought a new respect and 
understanding to the threat that storm surge poses. The National Hurricane Center 
reported that a 19 ft storm surge was measured in New Orleans during Hurricane Katrina 
in 2005 and storm surge up to 28 ft was reported along the Mississippi shoreline at 
Biloxi. In 2008, Hurricane Ike hit the Texas coast and a storm surge that ranged from 12-
20 ft leveled the Bolivar Peninsula and caused major damages throughout Galveston Bay. 
(NOAA 2006; NOAA 2008). Official counts and media reports indicate that 20 people 
died in Texas, Louisiana and Arkansas as a direct result of Hurricane Ike. In addition to 
the fatalities, there was an estimated $25 billion dollars in damage caused, and 2.6 
million people were left without power, some for two weeks (Berg 2009). More details 
on hurricanes and their impacts are covered in the literature review (Chapter 2). 
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1.5 Motivation for Research 
Areas that are frequented by hurricanes and tropical storms are faced with the 
double threat of heavy rainfall and coastal storm surge. Consequently, current modeling 
practices that address coastal floodplain mapping based on rainfall alone may be 
insufficient and lead to a false sense of security and safety. For example, when 
evaluating risk, inland rainfall and coastal storm surge are treated as separate and 
unrelated events by FEMA (Bellomo 2007). However, history has shown that this is not 
practical, and could lead to serious underestimates of flood risk in coastal areas. 
The problem with studying these two phenomena separately is that storm surge 
rarely occurs without inland rainfall. Storm surge, when acting alone, presents a problem 
because it is water moving through a channel and stream network that was only designed 
to carry the run-off from rainfall. If rainfall and storm surge are combined in the same 
channel, water flowing in opposite directions meets and any flooding that would 
normally occur is exacerbated. 
The scope of this study is to determine what effect the convergence of surge and 
rainfall/runoff will have on the floodplain. Many coastal areas, such as Horsepen Bayou, 
include residential areas, commercial areas, chemical and power plants, oil refineries, 
water treatment plants, schools, universities, and hospitals. While many of these entities 
are geographically protected from the direct effects of storm surge, they are not protected 
by its rarely considered backwater effects. The Clear Lake City Water Authority 
(CLCWA) has expressed concern regarding the effects of storm surge because of the 
frequency at which they currently experience flooding without the presence of a storm 
surge (CLCWA 2009). 
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With this information, surge-induced floodplains, or scenarios associated with 
coastal storm surge, could be created to better inform emergency managers, city officials, 
home owners, and citizens of the potentially escalated flood risk. The fact that Hurricane 
Ike hit in the middle of this research provided extremely valuable data that only comes 
along a few times every century for a given location. This study will also investigate the 
timing of important events such as out of banks flooding, maximum flood depth, 
maximum floodplain extent, and flood subsidence. Armed with this information, 
emergency groups will be able to make better informed decisions regarding flooding due 
to storm surge. 
1.6 Objectives 
1. Develop and calibrate a hydrologic model for a coastal watershed along 
Galveston Bay. A hydrologic model is needed to provide the runoff information 
that will be input in the subsequent HEC-RAS models where it will be calculated 
as stream flow. 
2. Apply steady state hydraulic model to determine effects of storm surge on flood 
levels. A steady state model will provide a benchmark to which the unsteady 
model results can be compared. 
3. Develop unsteady state HEC-RAS model to determine linkage between inland 
flooding and hurricane storm surge. Data collected during Hurricane Ike will be 
used to create and calibrate this model. 
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4. Evaluate other timing and surge scenarios using the hydraulic models. This 
analysis will provide information on the complexity of the linkage between surge 
and rainfall. 
5. Investigate risk to local area from a 100 yr rainfall and Hurricane Ike storm surge. 
This allows investigation of other "what i f scenarios for Horsepen Bayou. This 
type of analysis boosts awareness and preparedness. 
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Chapter 2 - Literature Review 
2.1 Hydrology 
Simply put, hydrology is the study of water, its storage, and its transport processes 
on the earth. However, it can be broken down into many subcategories. Hydrology is a 
vast field that deals with many different concepts and issues such as precipitation, 
evaporation, transpiration, infiltration, groundwater flow, surface runoff, streamflow, and 
solute transport (Maidment 1993). Depending on the scope and level of accuracy desired 
in a hydrologic study, it may be required to investigate any or all of these elements. As a 
science, hydrology is very closely related to many other Earth sciences such as 
meteorology, geology, and oceanography. It is necessary for hydrologists to understand 
climatic patterns, soil types, topography, and geomorphology in order to complete studies 
of importance (Bedient et al. 2008). 
2.2 Flooding 
According to the Federal Emergency Management Agency (FEMA), floods are 
one of the most common hazards in the United States and can create major damage, 
especially in urban settings. Flooding can occur at any time in any location, regardless of 
its proximity to a body of water, and not all floods are produced from the same causes. 
There are five main types of floods as well as a handful of other less typical types. The 
following is a brief description of each type of flooding, its cause, and its behavior. 
2.2.1 Fluvial Floods 
This type of flooding is what most people usually think of as a flood. When the 
volume of water in a channel increases above its carrying capacity, water flows over the 
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banks of the river and begins to fill the floodplain. In areas with lower slopes, riverine 
flooding happens relatively slowly. It requires a large amount of rain to fall over a large 
area. As this water begins to runoff overland, and move towards small streams, it slowly 
fills the river network. As water levels in the main branches rises, it causes a backwater 
effect that prevents the tributaries from draining. This combined effect causes large-scale 
flooding. In areas with steeper slopes, water flow velocities are much higher and this 
leads to flash floods which are discussed below. 
2.2.2 Coastal Floods 
Coastal floods are floods caused by storm surge in bays and oceans near coastal 
cities. They are generally associated with severe storm events and are capable of causing 
immense damage as was witnessed recently in New Orleans, Louisiana during Hurricane 
Katrina in 2005 and the Texas Gulf Coast during in Hurricane Ike in 2008. Coastal 
floods are most often caused by storm surge, produced primarily by an increase in water 
surface elevation caused by low barometric pressures and high wind and wave action 
(Wright 2007). When a storm surge reaches land and the water surface elevation is high 
enough to overtop protective structures or enter the coastline unimpeded, coastal flooding 
results. This was a particular problem and caused massive damage during Hurricane Ike 
near Houston, TX, where over 3000 structures were lifted off their foundations (Bedient 
2009). 
2.2.3 Ponding (Pluvial) Floods 
Pluvial floods are floods that occur before water reaches a watercourse. High 
intensity rainfall events can generate overland flow that overwhelms storm sewers and 
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drainage ditches. When this happens water begins to pond in the streets and low lying 
areas. This type of flooding generally moves as sheet flow and is exacerbated by 
structures that obstruct its path such as houses and fences. This type of flood can occur 
anywhere, regardless of proximity to a watercourse. Much of the damage from T.S. 
Allison in 2001 in Houston was from this type of flooding due to over 15 inches of 
rainfall in less than 3 hours, filling many low-lying areas with floodwater (Bedient et al. 
2003). 
2.2.4 Flash Floods 
Flash floods are a type of river flood but can be distinguished by the velocity of 
the flood water. Major factors in flash flooding are the intensity and duration of rainfall 
and the steepness of watershed and stream gradients (Wright 2007). The velocity of this 
flow, due to the steep gradient, is much faster than other types of flooding. The waters of 
a flash flood flow fast enough to move houses, trees, cars, boulders, and can wash out 
roads. Because of the speed at which flash flooding occurs, it poses a large and sudden 
threat on property and human life. The best example of a flash flood was the devastating 
Big Thompson Canyon flood of 1976 in Colorado that killed 144 people trapped in the 
canyon near Estes Park, Colorado and caused $35 million in damages (Jarrett and Costa 
2006). 
The above flood types are the most common and widely occurring types of 
flooding. There also exist many other types of flooding such ice jam flooding, flooding 
due to fluctuating lake levels, and dam and levee failure. The Mississippi River flood of 
11 
1993 had hundreds of major levee failures that greatly increased the damage over several 
midwestern states (Larson 1996). 
2.3 Gulf Coast Hurricanes 
The United States Gulf Coast region, which extends from Florida's west coast to 
Brownsville, TX, has experienced about 50 major hurricanes (category 3 or higher at 
landfall) between 1851 and 2008. These hurricanes have claimed the lives of 
approximately 15,000 people and caused tens of billions of dollars of damage. The 
Galveston Hurricane of 1900 remains the number one on the list of deadliest hurricanes 
in history with 8,000 deaths. Hurricane Katrina was responsible for the deaths of 1,500 
people and ranks as the third deadliest hurricane after the 1928 Florida Hurricane which 
tallied 2,500 deaths. Tables 2.1 and 2.2 list the deadliest and costliest hurricanes that 
have impacted the Gulf Coast region since 1992 (Blake et al. 2007). 
The 2005 hurricane season included a record 27 named storms, 15 of which were 
hurricanes, 7 of which were major hurricanes. Of these 7 major hurricanes, 4 reached 
category 5 status, and 3 of them were among the most intense hurricanes on record. The 
season ranked as the costliest season ever and included Hurricane Katrina which is the 
costliest hurricane on record (NOAA 2006). 
The 2008 hurricane season included 16 named storms, 8 of which were 
hurricanes, 5 of which were major hurricanes. The 2008 season included Hurricane Ike 
which was the third costliest hurricane on record. After the costliest season ever ($128 
billion in damage) in 2005, Hurricane Ike helped make the 2008 season the third costliest 
with upwards of $54 billion in damage (NOAA 2008). 
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2.3.1 Hurricane Katrina 
Hurricane Katrina is the most damaging hurricane to have ever hit the United 
States. Katrina devastated the southeast Louisiana coast with sustained winds of 110 
knots (125 mph) and gusts up to 140 knots (161 mph) (Knabb et al. 2005). Though wind 
damage was significant, the legacy of Hurricane Katrina will be the horrific storm surge 
which accompanied the storm. A surge of 24-28 feet was estimated along the western 
Mississippi coast across a 20 mile path, tapering to a height of 17-22 feet along the 
eastern Mississippi Coast (Berg 2009). The maximum high water mark observation was 
27.8 feet at Pass Christian, MS. Alabama's coast experienced surges ranging from as 
high as 10 feet in the east to 15 feet in the west. Surges in eastern Louisiana generally 
ranged from 10 to 19 feet (Graumann et al. 2005). This storm prompted the set up of a 
very clear advanced warning system for future hurricanes in terms of storm surge along 
urbanized coastal areas. 
Hurricane Katrina's storm surge caused multiple levee failures and this was 
responsible for the majority of the deaths. Katrina's mass destruction forced over 
250,000 people to scatter across the country, a majority of which moved to Texas. The 
damage caused by Katrina, coupled with the mass exodus from the state, caused a loss of 
214,000 jobs, or 12 percent of all jobs in the state (Richardson 2006). 
Katrina was also responsible for power outages reported by 2.6 million users in 
Louisiana, Mississippi, Alabama, Florida and Georgia, some of which were without 
power for weeks. According to the president and CEO of Mississippi Power the 
company "has suffered the worst catastrophe in our company's history" (DOE 2005). 
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A large number of refineries, pipelines, oil rigs and platforms were impacted by 
the hurricane. 44 oil spils were reported ranging from several hundred gallons to nearly 4 
million gallons. The U.S. Coast Guard estimates more than 7 million gallons of oil were 
spilled which is roughly two-thirds as much oil as spilled from the Exxon Valdez tanker 
(Llanos 2005). 
2.3.4 Hurricane Ike 
Hurricane Ike first formed as a tropical disturbance off the coast of Africa and 
slowly tracked westward and became Tropical Storm Ike on September 1, 2008, and a 
category 4 hurricane by September 3. Ike entered the Gulf of Mexico as a Category 1 
hurricane on September 9. The immense storm produced hurricane force winds as for 
120 miles from its center and tropical storm force winds for 275 miles. The storm tide 
caused by Ike reached land 24 hours before the hurricane made landfall. Ike made 
landfall as a Category 2 hurricane on September 13 with sustained winds of 109 mph 
(NOAA 2008). While there was some damage from wind, the majority of the damage 
done by Hurricane Ike was caused by storm surge. 
The highest storm surge values for Hurricane Ike recorded by the USGS, up to 17 
feet, were on Bolivar Peninsula and in parts of Chambers County (East et al. 2008). The 
storm surge was devastating for much of the upper Texas coast and Hurricane Ike ended 
up costing an estimated $25 billion and claimed 103 lives across Hispaniola, Cuba, and 
parts of the United States Gulf Coast (Berg 2009). 
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Table 2.1 Costliest Hurricanes 1992-2008 
Name 
Katrina 
Andrew 
Ike 
Wilma 
Charley 
Ivan 
Rita 
Frances 
Jeanne 
Floyd 
Allison 
Gustav 
Isabel 
Fran 
Opal 
Dennis 
Georges 
Dolly 
Year 
2005 
1992 
2008 
2005 
2004 
2004 
2005 
2004 
2004 
1999 
2001 
2008 
2003 
1996 
1995 
2005 
1998 
2008 
Category 
3 
5 
2 
3 
4 
3 
3 
2 
3 
2 
TS 
2 
2 
3 
3 
3 
2 
1 
Landfall 
SE LA, MS 
SE FL, SE LA 
SE TX, LA 
SFL 
SWFL 
NW FL, AL 
SW LA, SE TX 
FL 
FL 
NC 
SETX 
LA 
MidAtlantic 
NC 
NW FL, AL 
NWFL 
FL Keys, MS, AL 
STX 
Damages ($ billion) 
81 
27 
25 
21 
15 
14 
11 
9 
7 
6 
5 
4 
3 
3 
3 
2 
1 
1 
Table 2.2 Deadliest Hurricanes 1992-2008 
Name 
Katrina 
Floyd 
Allison 
Alberto 
Ivan 
Andrew 
Frances 
Ike 
Isabel 
Charley 
Gustav 
Jeanne 
Opal 
Dennis 
Rita 
Wilma 
Year 
2005 
1999 
2001 
1994 
2004 
1992 
2004 
2008 
2003 
2004 
2008 
2004 
1995 
2005 
2005 
2005 
Category 
3 
2 
TS 
TS 
3 
5 
2 
2 
2 
4 
2 
3 
3 
3 
3 
3 
Landfall 
SE LA, MS 
NC 
SETX 
NW FL, GA, AL 
NW FL, AL 
SE FL, SE LA 
FL 
SE TX, LA 
MidAtlantic 
SWFL 
LA 
FL 
NW FL, AL 
NWFL 
SW LA, SE TX 
SFL 
Deaths 
1500 
56 
41 
30 
25 
23 
23 
20 
17 
15 
11 
10 
9 
9 
7 
6 
15 
2.4 Coastal Geology and Processes 
Galveston Bay is an intricate salt-water system with vast, intertwined networks 
that contain within them a complex functionality. The breakdown of any of the parts can 
lead to a complete failure of marine systems, sediment transport systems and a number of 
others delicate systems. 
Galveston Bay's natural shoreline consists of 61 percent marshes, 35 percent 
steep clay bluffs, and four percent sand and shell beaches. The Bay contains 2.2 million 
acre-feet (National Ocean Service 1985) of water whose circulation is driven by depth 
patterns, winds, tides, and fresh water inflow. The water in the central portion of the bay 
is generally less than 12 feet deep (Newell et al. 1994). 
Because it is on the coast, Galveston Bay is susceptible to hurricanes and 
therefore, is susceptible to storm surge. Paine and Morton (1991) reported that 15 
hurricanes with storm surge heights greater that six feet had hit Galveston Bay and there 
have since been more. Unfortunately for the citizens of the Houston-Galveston area, the 
Galveston Bay is set up to receive storm surge. The Bay's bathymetry (underwater 
slope) is roughly two feet per mile starting 10 miles from shore which gives the storm 
surge a gradual slope that doesn't dissipate much of the energy created by the winds of a 
hurricane. Storm surge also meets less and less resistance each year as the shoreline has 
been retreating at a rate of 2. feet/yr since the 1850's (Newell et al. 1994). To make 
matters worse, out of industrial necessity, a ship channel has been dug at the mouth of the 
bay which gives the storm surge an easy path to follow as it funnels into the bay. 
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The pumping of groundwater coupled with oil and gas extraction has made 
Houston possibly the most adversely affected metropolitan area in the United States by 
land subsidence. There are areas along the coastline with as much as 10 feet of 
subsidence (Newell et al. 1994). This process has led to the loss of wetlands, woodlands, 
aquifers, and both public and private property. It has also increased flooding frequency 
and severity in the Houston-Galveston area (Galloway et al. 1999). Subsidence in the 
northwestern portion of Galveston Bay has lowered the bay by several feet and led to a 
30 percent increase in bay volume since 1992 (Newell et al. 1994). 
Barrier islands play an important part in storm surge reduction and/or mitigation 
as they exist along both the Texas and Louisiana coastlines. These islands create barriers 
and energy buffers to the direct impact of wave and surge action from hurricanes and 
strong storms. Running parallel to the coast, these long, narrow islands protect natural 
and human communities from ocean storms. Many marine creatures find shelter in 
extensive marshlands along the coast. Protected by islands, these salt marsh nurseries add 
millions of dollars to the economy through commercial and sport fishing opportunities. 
Commercial and sport craft seek shelter behind the islands for safe passage between 
ports. Though low and sparsely populated, Gulf coast barrier islands are important for 
humans and nature (NPS 2003). 
2.5 Hvdrologic Modeling 
Generally speaking, hydrologic models are simplified, conceptual representations 
of a part of the hydrologic cycle. These models are employed to understand dynamic 
interactions between climate and land-surface hydrology (Singh and Woolhiser 2002). A 
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major advantage of hydrologic simulation models is the insight gained by gathering and 
organizing data required as input to the mathematical algorithms that comprise the overall 
model system which can often guide the collection of additional data or direct the 
improvement of mathematical formulations to better represent watershed behavior 
(Bedient et al. 2008). 
2.5.1 Factors Affecting Hydrologic Modeling 
Every hydrologic model is developed for a specific watershed based on its 
physical properties and these properties vary from watershed to watershed. The most 
obvious difference is the basin size. A watershed can span hundreds of thousands of 
square miles or can be as small as parking lot. Each watershed also has its own set of 
non-uniform characteristics that are defined by climate, topography, geology, soils, 
vegetation, and land use and are related to the size of the basin. The non-uniformity of 
hydrologic processes is directly related to watershed size and increases as basin size 
increases (Singh and Woolhiser 2002). 
2.5.2 Hydrologic Data Needs 
The data needed for watershed hydrologic modeling are hydrometeorlogic, 
geomorphologic, agricultural, pedologic, geologic, and hydrologic. The various data 
types, as given by Singh and Woolhiser (2002) are listed in Table 2.3. 
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Table 2.3 Hydrologic Modeling Data 
Hydrometeorlogic 
-Rainfall 
-Snowfall 
-Temperature 
-Radiation 
-Humidity 
-Vapor Pressure 
-Sunshine hours 
-Wind Velocity 
-Pan Evaporation 
Geomorphologic 
-Topographical 
maps showing: 
-contours 
-river 
networks 
-drainage 
areas 
-slopes and 
slope 
lengths 
-watershed 
area 
Agricultural 
-Vegetative 
cover 
-Land use 
-Treatment 
and 
fertilizer 
application 
Pedologic 
-Soil Type 
-Texture 
and 
structure 
soil 
condition 
-Soil 
particle size 
-Porosity 
-Moisture 
content and 
capillary 
pressure 
-Steady-
state 
infiltration 
-Saturated 
hydraulic 
conductivity 
-Antecedent 
moisture 
content 
Geologic 
-Stratigraphy 
-Lithology 
-Structural 
controls 
Hydrologic 
-Flow depth 
-Streamflow 
discharge 
-Base flow 
-Interflow 
-Stream-
aquifer 
interaction 
-Potential 
-Water table 
-Drawdowns 
Every hydrologic model uses some combination of these parameters in its 
mathematical algorithms. The availability of necessary data, sensitivity requirements, 
and level of model detail lead the engineer to the correct model for each particular 
application. 
2.5.3 Methodology 
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There exists a variety of different hydrologic models (a list of the more popular 
models can be found in the literature written by Singh and Woolhiser (2002)), all of 
which are slightly different depending on the end product desired and the data that is 
available but the basic methodology behind them is similar. The following is a list of the 
steps in watershed modeling as described by Bedient et al. (2008): 
1. Select model based on study objectives and watershed characteristics, 
availability of data, and project budget. 
2. Obtain all necessary input data such as rainfall, infiltration, physiography, 
land use, channel characteristics, streamfiow, design floods, and reservoir 
data. 
3. Evaluate and refine study objectives in terms of simulations to be performed 
under various watershed conditions. 
4. Choose methods for determining sub-basin hydrographs and channel routing. 
5. Calibrate model using historical rainfall, streamfiow, and existing watershed 
condition. Verify model using other events under different conditions while 
maintaining same calibration parameters. 
6. Perform model simulations using historical or design rainfall, various 
conditions of land use, and various control schemes for reservoirs, channels, 
or diversions. 
7. Perform sensitivity analysis on input rainfall, routing parameters, and 
hydrograph parameters as required. 
8. Evaluate usefulness of the model and comment on needed changes or 
modifications. 
2.5.4 Computational Models 
In this study, two different hydrologic models were used and the following is a 
description of both. One is a lumped parameter model that has been widely used for 
flood studies since the 1970's, and the second is a more distributed model based on a GIS 
cell configuration that is draped over the watershed. 
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The Hydrologic Modeling System (HMS), designed by the Hydrologic 
Engineering Center (HEC) for the Army Corp of Engineers, is an event based simulation 
model that was initially released in 1998 (Bennett and Peters 2000). This software is 
designed to simulate the precipitation-runoff process of a watershed. Precipitation or 
rainfall is entered as a hyetograph (intensity of rainfall per time) for each sub-basin in the 
watershed. Gage data from the USGS or Harris County is available for comparison at 
one or more stream locations. By changing parameters such as infiltration, soil type, land 
use, and overland slope, the model can be used to simulate the amount of runoff that will 
occur after a particular rainfall event. HMS also has basic flood routing capabilities 
based on storage-discharge relations within each reach of the streams. (HEC 2006). The 
HMS model can be calibrated against measured gage data for given storm rainfall data 
(Bedient et al. 2008; Center 1998). 
The above model is the second generation of the original HEC-1 flood 
hydrograph package developed in 1967 (HEC 1981). The model is the standard in the 
industry for performing hydrologic calculations on watersheds of various size and 
varying land use. 
In Harris County a major study using HEC-HMS was instituted in 2001 after 
Tropical Storm Allison. This was a multi-million dollar study of 22 watersheds 
throughout the county using advanced radar rainfall inputs and LIDAR data for 
topography. This study resulted in one of the largest and most comprehensive hydrologic 
studies in the U.S. (TSARP 2002). In particular, data was developed for the Clear Creek 
watershed and all of its tributaries. For this study the Horsepen Bayou model was 
utilized for determining hydrograph response. 
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The model allows for variable rainfall input using either gages or spatial data 
from radar in small time increments and converts this data to hydrographs at specified 
locations within the watershed. The parameters of infiltration, runoff transform, and 
channel routing are all required for the model to run (HEC 1998). It has been our 
experience that this model performs well in coastal areas of low slope subjected to very 
large rainfalls such as T.S. Allison and Hurricane Ike. 
Vflo is a physics-based distributed hydrologic model that allows for spatial 
variability to be considered within a watershed when calculating runoff. It uses input 
from a Geographical Information System (GIS) that provides gridded watershed data for 
a variety of parameters such as elevation, land use, soils, etc. Within Vflo, each grid cell 
can be assigned different properties that allow a watershed with highly diverse 
characteristics to be modeled more precisely than can be done using HEC-HMS. HMS 
assigns physical properties to an entire sub-basin whereas Vflo is able to assign it to each 
individual cell within a sub-basin. Vflo also allows precipitation to vary from cell to cell. 
Because of this, radar rainfall data that has been calibrated against rain gages can be used 
in the model. By assigning each grid cell different physical properties and different 
rainfall amounts, Vflo is able to very precisely model the behavior of a watershed (Vieux 
2004; Vieux and Bedient 2004; Zimmer 2007). 
The Vflo model is based on a numerical solver for the kinematic wave method 
applied on a cell by cell basis in the model. This method has been shown to be very 
accurate for watersheds in Houston with low slopes and flash flood response (Vieux and 
Bedient 2004). The solution method is applied for overland flow, infiltration, and channel 
flow in a connected grid system built within a governing GIS environment. 
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The Vflo model has been compared on numerous occasions to watersheds where 
HEC-HMS exists. The advantages of Vflo include its flexibility for data setup, its 
accuracy in hydrograph comparison, its ability to handle NEXRAD rainfall directly, and 
the fact that one can observe hydrographs at any location within the watershed. These 
advantages have been described in the literature (Vieux 2004). However, after careful 
comparison, in Horsepen Bayou it was decided to use HEC-HMS because of its 
equivalent computational efficiency and its obvious connection to the hydraulic model, 
HEC-RAS, which is described in section 2.6 below. 
2.6 Hydraulic Modeling 
The influx of hydraulic modeling tools makes evident that floodplain modeling is 
now more important than ever. Current federal, state, and local regulations often require 
a hydrologic analysis as well as a hydraulic analysis before any new development or 
construction can begin in a floodplain. These regulations are in place to ensure that there 
are no adverse impacts on the existing water surface elevations associated with proposed 
work. To aid in accurate floodplain modeling, engineers use computer models such as 
the Hydrologic Engineering Center-River Analysis System (HEC-RAS). HEC-RAS is 
one of the most widely used programs for floodplain modeling in the United States and is 
used by FEMA to create flood insurance maps. The program, available since 1995, has 
been continuously improved and expanded since its initial release and HEC-RAS is 
considered the standard by most engineers routinely involved in river hydraulic modeling 
(Dyhouse et al. 2003). 
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FEMA defines a floodplain as any land area that is susceptible to being inundated 
by water from any source. In the case of river hydraulics, a floodplain is the area that is 
susceptible to flooding given a specific amount of rainfall. This floodplain can be 
modeled using a simple morphologic analysis but the need to associate a risk measure to 
the return period of the flooding of an area requires the use of a computational hydraulic -
hydrologic model (Pistocchi and Mazzoli 2002). This is commonly referred to as a 
rainfall-runoff model and has become common practice in hydrologic engineering. The 
typical approach is to run a single-event rainfall-runoff model with a design storm having 
a specified return period to calculate a peak discharge which is then converted into an 
estimate of peak river stage by a steady-state hydraulic model (Bradley et al. 1996). 
Actual channel geometry is not needed to calculate the peak flow or timing of a 
flood pulse and can be simply modeled by a rectangular channel. However, actual 
channel geometry is required to obtain accurate water level forecasts (Blackburn and 
Hicks 2002). 
The HEC-RAS hydraulic model used in this study was created by TSARP in what 
has come to be the common practice. Floodplain data created in a GIS was imported into 
HEC-RAS where it was combined with field surveyed channel data in order to construct 
full floodplain cross sections that reflected accurate channel and overbank data for the 
model. The HEC-RAS program could then compute water surface elevations and the 
results could be transferred back to GIS where the flood plain limits were automatically 
and accurately mapped. This method increases the accuracy of the model because it 
eliminates human errors due to typographical mistakes (Kraus 2000). 
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When HEC-RAS is used in the unsteady mode, the underlying software that is 
being run is UNET. This software simulates one-dimensional unsteady flow through a 
full network of open channels. In addition to solving the one-dimensional unsteady flow 
equations in a network system, UNET provides the user with the ability to apply several 
external and internal boundary conditions, including; flow and stage hydrographs, gated 
and uncontrolled spillways, bridges, culverts, and levee systems (Barkau 1996). This 
provides the user with the ability to accurately and precisely model even the most 
complex of systems. 
2.7 Storm Surge and Storm Surge Modeling 
Storm surge is defined as water that is pushed toward the shore by the force of the 
winds swirling around the storm combined with normal tides (FEMA 2009). It is a large 
dome of water 50 to 100 miles wide that sweeps along the coastline near where a 
hurricane makes landfall (Sera 2007). Storm surge is particularly dangerous in coastal 
communities where it can cause loss of life, destruction of property and significant 
change in the shoreline. According to Blake et al. (2007), the primary cause of death 
from hurricanes is storm surge. This sentiment is echoed by FEMA who claim that nine 
out often hurricane fatalities are attributed to storm surge. 
The height of a storm surge is determined by a number of complex interconnected 
variables that include storm size, central minimum pressure, the storm's forward speed, 
bathymetry, timing of astronomical tides, and the maximum wind speed of the storm 
(Sera 2007). The inland inundation caused by a storm surge is influenced by the slope of 
the continental shelf and shoreline elevation. A shallow sloping coastline, like that of the 
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Galveston Bay and most of the Texas Gulf Coast, will allow the storm surge to inundate 
coastal communities. In areas, such as Florida, that have a steeper coastline, storm surge 
will not be as severe and these coastal communities will not see as much surge 
inundation, if any at all (Jewell 2006). 
Storm surge is largely dependent on the strength and size of a hurricane. Its affect 
on a coastal region is determined not only by the volume of water preceding the 
hurricane, but the location at which the eye of the hurricane makes landfall. Storm surge 
is more significant on the right hand side of a storm than the left because winds are 
blowing inland which piles up the water. However, storm surge is not only experienced 
on the right hand side of the storm. During Hurricane Ike in 2008, storm surge slammed 
the Texas coast for many miles to the southwest of the hurricane's landfall. 
Other hurricanes that have created large storm surges were the Galveston 
Hurricane of 1900, the Lake Okeechobee Hurricane of 1928, Hurricane Katrina in 2005, 
and Hurricane Rita in 2005. Fritz et al. (2007) evaluated Hurricane Katrina storm surge 
distribution and performed field observations on Mississippi barrier islands. They 
measured storm surge exceeding 10 meters in several locations along the Mississippi 
coastline. The surge penetrated at least 10 km inland in many portions of coastal 
Mississippi and up to 20 km inland along bays and rivers. Surge heights dropped below 
five meters along the Alabama coast. 
In a study of interest, Bell addresses sea level change and storm surge in the 
context of climate change. While beyond the scope of this study, the paper describes sea 
level variability in New Zealand and relates this to storm surge in the future. Much more 
work is needed in the future to address this issue in the Gulf Coast. 
< 
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2.7.1 Measuring Storm Surge 
Currently storm surge is measured either by high water marks or by using storm 
surge gages. Historically high water marks have been used as a quick and simple way to 
measure the height of surge waters. High water marks are recovered, for instance, by 
recording the height of debris marks on a bridge or the water line on the inside of a 
building. While this is not always the most accurate approach it can be applied at 
numerous locations after a storm. Pressure transducers (sensors) are accurate, reliable, 
and cost-effective tools to measure and record the magnitude, extent, and timing of 
hurricane storm surge. 
Sensors record storm surge peaks more accurately and reliably than do high water 
marks. The data collected can be used to calibrate and verify storm surge models which 
results in a better understanding of the dynamics of storm surge (McGee et al. 2007). 
This was done by Jarvinen and Lawrence (1985) when they compared 523 storm surge 
height observations (tide gage measurements and high water marks) to SLOSH (a storm 
surge model that will be discussed in a later section) hind cast values for 10 different 
hurricanes (Houston et al. 1999). 
By combining existing gauge records and modeled surge elevations it was found 
that the maximum surge induced by Hurricane Katrina was between 26-28 feet over the 
western coast of Mississippi (Hsu et al. 2006). Prior to landfall of Hurricane Rita, a total 
of 47 sensors were deployed at 33 sites. Sensors recorded maximum rates of water level 
rise during the event in excess of 5 feet per hour (McGee et al. 2007). This same 
approach was taken during Hurricane Ike when the U.S. Geological Survey (USGS) 
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deployed a temporary monitoring network of 117 pressure transducers at 65 sites over an 
area of about 5,000 square miles to record timing, areal extent, and magnitude of inland 
hurricane storm surge and coastal flooding (East et al. 2008). 
2.7.2 Modeling Storm Surge 
Like with many other naturally occurring catastrophic events, there is a need to 
accurately predict and model the risk associated with storm surges. The idea of storm 
surge modeling is not new but as the physics community's understanding of the 
generation, propagation, and attenuation of storm surges has evolved over the past 
decade, the modeling community's understanding of the relevant processes are evolving 
from one based on empirical data to one based on fundamental physics (Resio and 
Westerink 2008). 
Westerink et al. (1992) discussed modeling tide and storm surge in the early 
1990's, and they indicate that a wide range of scales of motion must be resolved in 
addressing the governing equations numerically. They recognize the importance of 
coastal bathymetry and geometry as they impact surface elevations and flow patterns. 
They recommend the use of finite element methods for grid flexibility that is ideally 
suited for coastal modeling. Two of the most well-known storm surge models are the 
National Weather Service's Sea, Lake, and Overland Surges from Hurricanes (SLOSH) 
model (NOAA 2009) and the Advanced Circulation (ADCIRC) Coastal Circulation and 
Storm Surge Model (ADCIRC 2009). 
The SLOSH model is used to predict storm surge prior to a hurricane's landfall by 
analyzing pressure, size, forward speed, track, and wind data in comparison with 
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historical and hypothetical storms. Graphical output from the model displays color coded 
storm surge heights for a particular area (Jewell 2006). This particular model is generally 
accurate within plus or minus 20 percent (NOAA 2009). The SLOSH model has been 
used by FEMA in a revision of all coastal Flood Insurance Rate Maps (FIRM) for Puerto 
Rico and the U.S. Virgin Islands (Mercado 1994). 
The ADCIRC model is a system of computer programs for solving time 
dependent, free surface circulation and transport problems in two and three dimensions 
that was developed by Joannes Westerink and Richard Luettich (Ratcliff 2005). The 
underlying model is a finite element model capable of simulating tidal circulation and 
storm surge propagation over very large oceanic domains while providing high resolution 
in areas of complex shoreline bathymetry (Fitzpatrick 1998). ADCIRC uses an 
unstructured finite-element mesh that is generally larger in open water and very tight 
along the coast and in areas of interest (Hill 2007). The ability to tighten the mesh in 
areas of importance is very crucial because storm surge hydrographs are highly spatially 
dependent near inlets which convey water inland. At the same time, a large domain 
approach provides increased benefits to storm surge modeling capabilities by more 
thoroughly describing the global and local flow responses arising from the tidal and 
hurricane-induced boundary forcings (Hagen and Quillian 2006). 
ADCIRC has moved to the forefront on the storm surge modeling field and has 
been used on a wide range of projects. It has made numerous appearances in the 
literature and with time, will continue to improve. Mashriqui et al. (2005) used the 
ADCIRC model for applications to the coastal areas of Bangladesh and India. This was 
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the first modeling program capable of predicting surge data for a 3-5 day period across 
the entire Bay of Bengal. 
In 2004 FEMA, along with the LSU hurricane center, used ADCIRC to model 
how New Orleans might flood from a major hurricane which they named Pam. The 
simulation was devastating and eerily prophetic because it came true during Katrina. 
Levees were predicted to overtop around Lake Pontchartrain and the Mississippi River 
and the city filled up like a bowl (Sera 2007). 
Blain et al. (2002) address the use of the ADCIRC model in an operational 
environment. They indicate that automated grid generation utilities are under 
development in a variety of forms. Thus, limitations exist and the ability to rapidly 
deploy ADCIRC in real time environments. Current studies are underway to make 
ADCIRC the model of choice for the Galveston Bay system near Houston and to create a 
team of experts able to run the model in real time when a storm enters the Gulf area 
(Dubrow 2008). 
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Chapter 3 - Model Descriptions and Field Data 
A number of computer models as well as measured field data are being utilized in 
this study and the following is a brief description of each. Hydrologic models, hydraulic 
models and shallow water models for storm surge were all used for this study. 
3.1 HEC-HMS 
The Hydrologic Modeling Software (HMS) designed by the Hydrologic 
Engineering Center (HEC) for the Army Corp of Engineers was initially released in 1998 
(HEC,1998). This software is designed to simulate the precipitation-runoff processes of a 
watershed. Precipitation, or rainfall, is entered as a hyetograph (intensity of rainfall per 
time) for each sub-basin in the watershed. Gage data from the USGS, or Harris County is 
available for comparison at one or more stream locations. By changing parameters such 
as infiltration, soil type, land use, and overland slope, the model can be used to simulate 
the amount of runoff that will occur after a particular storm event. HMS also has basic 
flood routing abilities (HEC, 1998). The HMS model can be calibrated for a watershed 
against measured gage data for given storm rainfall data (Bedient et al. 2008). 
3.2 Vflo Distributed Model 
Vflo is a physics-based distributed hydrologic model that allows for spatial 
variability to be considered within a watershed when calculating runoff. It uses input 
from a Geographical Information System (GIS) that provides gridded watershed data for 
a variety of parameters such as elevation, land use, soils, etc. Within Vflo, each grid cell 
can be assigned different properties which allow a watershed with highly diverse 
characteristics to be modeled more precisely than can be done using HEC-HMS. HMS 
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assigns physical properties to an entire sub-basin whereas Vflo is able to assign it to each 
individual cell within a sub-basin. Vflo also allows precipitation to vary from cell to cell. 
Because of this, radar rainfall data that has been calibrated against rain gages can be used 
in the model. By assigning each grid cell different physical properties and different 
rainfall amounts, Vflo is able to very precisely model the behavior of a watershed. (Vieux 
2004; Vieux and Bedient 2004; Zimmer 2007). 
3.3 HEC-RAS 
The Hydrologic Engineering Center's River Analysis center (HEC-RAS) is 
hydraulic modeling software that is capable of performing one-dimensional steady and 
unsteady flow hydraulics. It is also capable of performing sediment transport/mobile bed 
computations and water temperature modeling but these capabilities were not utilized in 
this particular study. HEC-RAS is the premier model used for most hydraulic and 
floodplain studies in the U.S. (HEC, 1995). 
3.3.1 Steady Flow 
The steady flow component of the model is designed to calculate water surface 
profiles for steady, gradually varied flow in natural or constructed channels. Calculations 
show the maximum water surface profile (elevation) as one moves from downstream to 
upstream for most low slope watersheds. The system can handle a single river reach, a 
dendritic (branching) system, or a full network of channels. The steady flow component 
is capable of modeling subcritical, supercritical, and mixed flow regime water surface 
profiles. Critical depth is defined as the depth of flow where energy is at a minimum for 
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a particular discharge. Therefore, when the depth is greater than critical depth it is 
classified as subcritical and when it is lower it is classified as supercritical. Subcritical 
flow is dominated by gravitational forces and exhibits a gradually varied behavior 
whereas supercritical flow is most common in mountain streams and is dominated by 
inertial forces and exhibits rapidly varied flow. A mixed flow regime is simply a 
combination of these two flows types. 
The following are the two basic equations that are solved by the model: 
WS2 + a-^=VS] + a-^+ >,, (3-1) 
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where: 
WS\, WSi = water surface elevations at ends of reach, 
V\, Vi = mean velocities (total discharge/total flow area) at ends of reach, 
or i, or 2 = velocity or energy coefficients for flow at ends of reach, 
g = gravitational constant, 
he = energy head loss, 
L = discharge-weighted reach length, 
S/ = representative friction slope for reach, 
C = expansion or contraction loss coefficient. 
Water surface profiles are computed from one cross section to the next by solving 
the energy equation (3-1) with an iterative procedure called the standard step method. 
Energy head loss (equation 3-2), he, between two cross sections is comprised of friction 
losses and contraction or expansion losses. The procedure for the iterative procedure is 
as follows (Bedient et al. 2008): 
1. Assume a water surface elevation at the upstream cross section (i.e., a first 
trial is WS = (Q/K)2L. 
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2. Based on assumed elevation, determine the corresponding total conveyance 
and velocity head for the upstream section. 
3. With values from step 2, compute friction slope Sf and solve Eq. (3-2) for 
head loss, hc, 
4. With values from steps 2 and 3, solve Eq. (3-1) for WS2. 
5. Compare the computed value of WS2 with the values assumed in step 1, and 
repeat steps 1-5 until values agree to within 0.01 ft (0.003 m). 
The HEC-RAS steady flow system is designed for application in floodplain 
management, and flood insurance studies to evaluate floodway encroachments. It is also 
capable of assessing the change in water surface profiles due to channel improvements 
and levees, which represent flood control options in a watershed (HEC 1995). 
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Figure 3.1: Nonuniform Flow 
3.3.2 Unsteady Flow 
The unsteady component of HEC-RAS is capable of simulating one-dimensional 
unsteady flow through a full network of open channels. The unsteady flow equation 
solver was adapted from Dr. Robert L. Barkau's UNET model which is described in 
Chapter 2. This unsteady flow component was developed primarily for subcritical flow 
regime calculations. 
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The hydraulic calculations for cross-sections, bridges, culverts, and other 
hydraulic structures that were developed for the steady flow component are incorporated 
into the unsteady flow module. Additionally, the unsteady flow component has the 
ability to model storage areas and hydraulic connections between storage areas, as well as 
between stream reaches. 
The physical laws which govern the flow of water in a stream are: Equation 3.3, 
the principle of conservation of mass (continuity), and Equation 3.4, the principle of 
conservation of momentum. These laws are expressed mathematically in the form of 
partial differential Saint Venant equations (HEC 1995). 
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where: 
A = cross-sectional area 
Q =flow 
q = flow per unit width 
Sf = energy slope 
S0 = bed slope 
v = velocity 
g = gravitation constant 
d = depth 
3.3.3 Basic Data Requirements 
The data needed to perform the above computations are divided into the following 
categories: geometric data; steady flow data; and unsteady flow data. Geometric data are 
required for both steady and unsteady analyses whereas the other data types are only 
required by their respective model component. 
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The basic geometric data consist of establishing the connectivity of the river 
system (River System Schematic); cross section data; reach lengths; energy loss 
coefficients (friction losses, contraction and expansion losses); and stream junction 
information. Hydraulic structure data (brides, culverts, spillways, weirs, etc.) are also 
considered geometric data and are input accordingly. Figure 3.2 shows the Geometric 
Data window. The blue line represents the streamline and the green lines represent the 
cross sections which are labeled with their river stations. The red dots indicate the 
location of bank stations. In the middle of the figure there is an arrow indicating the 
downstream direction. The Cross Section Data Editor is shown in Figure 3.3 and from 
this window changes can be made to each individual cross section. 
Steady flow data are required to perform a steady water surface profile 
calculation. Steady flow data consist of: flow regime; boundary conditions; and peak 
discharge information. The flow regime is specified in the Steady Flow Analysis window 
as subcritical, supercritical, or mixed flow. Boundary conditions are necessary to 
establish the starting water surface at the ends of the river system (upstream and 
downstream). The four boundary conditions available are: known water surface 
elevations; critical depth; normal depth; and rating curve (depth vs. flow). Discharge 
information is required at each cross section in order to compute the water surface 
profile. Discharge data are entered from upstream to downstream for each reach HEC 
(1995). 
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Figure 3.3: Cross Section Data Editor 
At least one flow value must be entered for each reach in the river system. Figure 
3.4 shows the Steady Flow Data editor window from which changes are made to flow 
data and boundary conditions. Note that a number of profiles can be run at the same time 
for comparison. Figure 3.5 shows the options available for boundary conditions. This 
includes normal depth from Manning's Equation, a known water surface elevation (such 
as storm surge), or a rating curve. 
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Figure 3.4: Steady Flow Data 
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Figure 3.5: Steady Flow Boundary Conditions 
Unsteady flow data are required to perform an unsteady flow analysis. Unsteady 
flow data consists of boundary conditions (external and internal), as well as initial 
conditions. Boundary conditions must be established at all of the open ends of the river 
system being modeled. If required, boundary conditions can also be established at 
internal locations within the river system. The user is also required to establish the initial 
conditions (flow and stage) at all nodes in the system at the beginning of the simulation. 
Figure 3.6 shows the Unsteady Flow Data editor window from which, like the Steady 
Flow Data editor window, changes are made to flow data, boundary conditions, and 
initial conditions (Brunner 2008). 
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Figure 3.6: Unsteady Flow Data 
3.4 ADCIRC 
ADCIRC, a Coastal Circulation and Storm Surge Model, is a system of computer 
programs for solving time dependent, free surface circulation and transport problems in 
two and three dimensions (ADCIRC 2009). Although this model is capable of providing 
a variety of outputs, the only data that is of interest in this application are simulated stage 
hydrographs that could act as a downstream boundary condition. This data was provided 
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by Dr. Clint Dawson at the University of Texas at Austin. Figure 3.7 displays the surge 
that ADCIRC predicted for Hurricane Ike (Courtesy of Dr. Clint Dawson). Because real-
time data was obtained during Hurricane Ike, the modeled output from ADCIRC was not 
used in this particular application. In future work, ADCIRC will play a major role in 
providing storm surge scenarios. With this data, a coastal floodplain can be studied under 
a variety of surge and rainfall conditions. 
HWM (NAVD88): lke_Adv-52 2008/09/13 19hrCDT 
-97" -96" -95' -94' 
Figure 3.7: ADCIRC Storm Surge Prediction for Hurricane Ike 
3.5 Storm Surge Field Data Sensors 
Hurricane Ike was one of the best monitored hurricanes in history. It provided 
valuable surge data used in this thesis to evaluate the impacts along the coastline near 
Kemah. During Hurricane Ike's passage the United States Geological Survey (USGS) 
deployed a temporary monitoring network of 117 pressure transducers (sensors) at 65 
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sites over an area of about 5,000 square miles to record the timing, areal extent, and 
magnitude of inland hurricane storm surge and coastal flooding generated by the 
hurricane, which struck southeastern Texas and southwestern Louisiana September 12-
13, 2008 (East et al. 2008). The location of these sensors can be seen in Figure 3.8. 
There were six sensors in Galveston Bay, one of which was located at Kemah which is 
the entrance to Clear Lake and the path that storm surge must follow to reach Horsepen 
Bayou. In addition, there was also a sensor located on a bridge pile approximately 
halfway up Horsepen Bayou. The sensors recorded water pressure which was converted 
to water level in feet above North American Vertical Datum of 1988 (NAVD88). Data is 
presented in detail in Chapter 5. 
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Figure 3.8: USGS Gage Locations During Hurricane Ike 
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Chapter 4 - Steady State Model Setup and Application 
Before a detailed unsteady HEC-RAS model could be created, it was important to 
have a working understanding of the characteristics and behavior of Horsepen Bayou. 
For this purpose, a steady state HEC-RAS model was created. 
4.1 Hydrologic Model Setup 
The Tropical Storm Allison Recovery Project (TSARP 2002), an ongoing project 
that began in 2001, created both hydrologic and hydraulic models for 22 watersheds in 
Harris County. These models were calibrated and used to create new floodplain maps for 
the Houston-Galveston area. Because these models were available and widely used and 
accepted in Harris County, they were chosen for use in this study. However, to measure 
the accuracy and validity of the TSARP HEC-HMS model for Horsepen Bayou, an 
additional study was performed using the physics-based, distributed hydrologic model, 
Vflo. 
4.1.1 Vflo 
The model inputs were obtained from a variety of sources; a digital elevation map 
(DEM) was created from the LIDAR data collected by TSARP, soil information was 
gathered from a USD A Soil Conservation Service soil survey (Wheeler 1976), land use 
data were obtained by performing a supervised land use classification using remotely 
sensed LANDSAT images, and rainfall data for calibration was compiled from Tropical 
Storm Allison (June 2001) and a large storm event from October 1994. These data were 
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input in the Vflo model and it was run and roughly calibrated. An image of the model 
can be seen in Figure 4.1, where both overland and channel flow cells are depicted. 
4.2 Model Comparison 
The results were compared with the TSARP HMS model and observed data and 
the results can be seen in Figures 4.2a and 4.2b. It can be seen that the HMS model under 
predicts the October storm (Fig. 4.2a) by 10% and over predicts, by 9%, the Allison 
storm (Fig. 4.2b) but the timing for both events is very accurate. The Vflo model more 
closely approximates the peak for the Allison storm (0.06% high) but the timing of the 
peak is three hours early and, as with the HMS model, it under predicts the October storm 
by 9%. The October storm had multiple peaks making it a more difficult storm to model 
but both seemed to capture the shape well which gave confidence in their accuracy to 
model both simple and complex storms. The Vflo model confirmed that the HMS model 
was providing accurate results for Horsepen Bayou. At this point the TSARP HEC-HMS 
model was accepted as an appropriate model for this study. 
The TSARP hydraulic model for Horsepen Bayou, which was created using HEC-
RAS, was used to obtain preliminary steady state results that will later be compared to 
unsteady results. As is typical for most all flood plain studies, TSARP only studied the 
steady state case and because of this, an unsteady model did not exist. To create an 
unsteady model, the geometry from the steady model was used and the necessary 
adjustments were made to convert the steady state model. 
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Figure 4.1: Horsepen Model - Vflo 
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Figure 4.2a: Model Comparison - June 2001 
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Figure 4.2b: Model Comparison - October 1994 
4.3 Model Application 
Initial work began by utilizing the existing steady state HEC-RAS model created 
by TSARP. Storm surge was input in the steady model as a downstream boundary 
condition. The surge values that were input represent peak stage in Armand Bayou at the 
outfall of Horsepen Bayou. For the purpose of this study, the 10, 50, 100, and 500-year 
design storms were selected. Each of these storms was run in HEC-HMS and the data 
was input into HEC-RAS. All four of these storms were run for various downstream 
conditions (0, 3.5, 6.5, 10, and 15 ft theoretical surge) in the Armand RAS model. This 
was done to simulate storm surge traveling up Armand Bayou while at the same time 
accounting for the additional stage caused by rainfall in the watershed. The stage was 
recorded at the cross section that corresponds to the downstream end of Horsepen Bayou 
to be used as the downstream boundary condition. 
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The results of this process can be seen in Tables 4a, 4b, 4c, and 4d. After the 
model was run, the information from HEC-RAS was exported to HEC-GeoRAS, a 
program that works with ArcMap to delineate a floodplain by overlaying the information 
from HEC-RAS on a digital elevation map. Using these images, the floodplains for 
different rainfall-surge scenarios were mapped and compared (Figures 4.3a and 4.3b). 
Figures 3a and 3b show the floodplains created by the 10-year and 100-year storm 
events combined with the effects of no surge and a 15 ft surge at Armand Bayou. For the 
10-year event, storm surge effects can be seen at two locations. At the downstream end 
there is a significant difference in the two floodplains which is to be expected due to its 
proximity to the actual surge. In the middle portion of the watershed there is a noticeable 
difference in the two floodplains which can most likely be attributed to the flat 
topography in the area since a small rise in water surface will have a widespread effect. 
In the case of the 100-year event similar effects can be seen at the downstream end but it 
is evident that there is a much larger impact throughout the rest of the watershed. The 
similarities at the downstream end may be attributed to cross-sections that are not wide 
enough to sufficiently cover the extent of the floodplain. This could be remedied by 
extending these cross-sections, but, because that would cause an overlap with the Armand 
Bayou model that will be used in further research, they were left unchanged. Similar 
effects can also be seen in other portions of the watershed. 
Table 4a: Horsepen-Armand Comparison 10-yr 
10-yr 
Storm Surge 
(ft) 
0 
3.5 
6.5 
10 
15 
Armand 
(ft) 
0.04 
3.54 
6.54 
10.04 
15.04 
Horsepen 
(ft) 
5.7 
6.2 
7.7 
10.5 
15.1 
AHorsepen 
(ft) 
0.0 
0.5 
2.0 
4.8 
9.4 
Table 4b: Horsepen-Armand Comparison 50-yr 
50-yr 
Storm Surge 
(ft) 
0 
3.5 
6.5 
10 
15 
Armand 
(ft) 
1.51 
5.01 
8.01 
11.51 
16.51 
Horsepen 
(ft) 
7.7 
8.2 
9.7 
12.3 
16.6 
AHorsepen 
(ft) 
0.0 
0.5 
1.9 
4.6 
8.9 
Table 4c: Horsepen-Armand Comparison 100-yr 
100-yr 
Storm Surge 
(ft) 
0 
3.5 
6.5 
10 
15 
Armand 
(ft) 
2.22 
5.72 
8.72 
12.22 
17.22 
Horsepen 
(ft) 
8.8 
9.3 
10.6 
13.1 
17.4 
AHorsepen 
(ft) 
0.0 
0.5 
1.9 
4.3 
8.6 
Table 4d: Horsepen-Armand Comparison 500-yr 
500-yr 
Storm Surge 
(ft) 
0 
3.5 
6.5 
10 
15 
Armand 
(ft) 
3.69 
7.19 
10.19 
13.69 
18.69 
Horsepen 
(ft) 
10.9 
11.3 
12.6 
14.6 
18.9 
AHorsepen 
(ft) 
0.0 
0.4 
1.7 
3.7 
8.0 
10-yr Storm with Varied Surge 
I No Surge 115 ft Surge 
0 0.25 0.5 
Figure 4.3a: 10-yr Storm Under Varied Surge Conditions 
100-yr Storm with Varied Surge 
I No Surge 115 ft Surge 
0 0.25 0.5 
Figure 4.3b: 100-yr Storm Under Varied Surge Conditions 
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Chapter 5 - Unsteady Model Setup and Application 
The steady state work provided a basic understanding of the behavior of Horsepen 
Bayou under different storm scenarios. To understand this behavior more precisely and 
in more detail, and unsteady model was created for the watershed. 
5.1 Model Conversion and Setup 
The geometry from the TSARP HEC-RAS model was used to convert the model 
from a steady state model to an unsteady, dynamic model. To do this, a few adjustments 
were made to the geometry file to allow the complex UNET algorithm to run properly. 
Because the model was initially set up to run in the steady state, some minor changes had 
to be made to the model geometry such as bridge modeling techniques and cross-
sectional information. 
To model the storm surge at the downstream end of Horsepen Bayou, the data that 
the USGS collected during Hurricane Ike (East et al. 2008) were used. There were no 
data collected at the downstream end of Horsepen Bayou so a hydrograph from another 
location had to be translated. Because of its proximity to Horspen Bayou and direct path 
via Clear Lake, it was assumed that during Hurricane Ike the shape and magnitude of the 
storm surge was maintained from Kemah to the downstream end of Horsepen Bayou. 
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Figure 5.1 shows the measured storm surge at three locations in the path of the storm 
surge as it moved inland toward Horsepen and the location of these gages can be seen in 
Figure 5,5. GAL-019 is located in San Leon which is 5 miles to the southeast of Kemah 
and 9.5 miles to the southeast of Horsepen. GAL-022 is located at Kemah which is at the 
intersection of Clear Lake and the Galveston Bay. This gage is 4.5 miles southeast of the 
downstream end of Horsepen. HAR-003 is located at Bay Oaks Country Club at 
approximately the midpoint of Horsepen Bayou. It can be seen that the shape, 
Measured Storm Surge 
(Moving Inland) 
-GAL-019 
-GAL-022 
-HAR-003 
9/12/08 0:00 9/12/08 12:00 9/13/08 0:00 9/13/08 12:00 9/14/08 0:00 9/14/08 12:00 9/15/08 0:00 9/15/0812:00 
Time 
Figure 5.1: Measured Storm Surge (Moving Inland) 
magnitude and timing of the stage hydrograph is maintained along this path. Changes in 
stage can most likely be attributed in changes in bathymetry. Figure 5.2 shows a 
comparison of stage hydrographs along the western side of Galveston Bay. Again, the 
shape, magnitude, and timing of the surge are similar. Because of the similarities in stage 
hydrographs, it can be assumed that in the 60 square mile area bounded by these gages 
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there are no significant local changes in the stage hydrograph. Therefore, the assumption 
that the surge at Kemah also represents the surge at Horsepen is valid. To model 
Hurricane Ike the measured stage from Kemah was input as the downstream boundary 
condition for the Horsepen Bayou model. 
Measured Storm Surge 
(Moving North) 
-GAL-019 
-GAL-022 
-HAR-002 
9/12/08 0:00 9/12/08 12:00 9/13/08 0:00 9/13/0812:00 9/14/08 0:00 9/14/08 12:00 9/15/08 0:00 9/15/0812:00 
Time 
Figure 5.2: Measure Storm Surge (Moving North) 
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The only rain gage located in the Horsepen Bayou watershed was not working properly 
during Hurricane Ike so no rainfall data were collected. To get rainfall information for 
the model, the data from four rain gages in the area surrounding Horsepen were averaged 
to give an estimate of the rainfall in Horsepen. Because of the relatively small size of the 
Horsepen watershed and the proximity of the rain gages to the watershed, it was assumed 
that averaging the gages would be an accurate approximation. The shape of the four 
hyetographs (Figure 5.3), and the cumulative rainfall totals (Figure 5.4) verify that this is 
an accurate assumption. 
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Figure 5.4: Rain Gage Comparison 
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The data from these gages were compared to the rainfall estimates made by the 
National Weather Service's Multispectral Precipitation Estimator which were processed 
by Dodson & Associates, Inc. (Yung 2009). This comparison allowed erroneous data to 
be neglected which increased confidence in the data that were selected. Figure 5.5 
depicts the location of the selected gages. 
Q R a i n Gage 
( 3 Rain Gage 
0 0.5 1 2 
Figure 5.5: Gage Map 
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It was initially hypothesized that the rainfall caused by Hurricane Ike would reach land 
before the storm surge. This was believed to be true because the rain bands reach land 
before the body of the hurricane. However, when plotted together, it can be seen in 
Figure 5.6 that the peak stage at Kemah occurs at the same time as the peak rainfall 
measured about 7 miles inland at Horsepen Bayou. Interestingly, changes in rainfall 
patterns correspond directly to changes in stage. It should be noted that this is peak 
rainfall, not peak runoff. Because this rainfall must flow overland before it reaches the 
channel, peak flows in the channel will occur later than the peak rainfall and the peak 
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0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 
Time 
Figure 5.6: Average Rainfall with Storm Surge 
storm surge. This means that the peak on peak assumption made in the steady state 
model is not valid for this particular storm and that an unsteady model would be a more 
accurate representation of the storm. 
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5.2 Model Calibration 
Initial modeling attempts used unmodified, recorded data. The surge measured at 
Kemah was used, with the timing unaltered, for the downstream boundary condition, and 
the averaged rainfall data was used to obtain the inflows into the bayou. Figure 5.7 
shows the results of this scenario. Using these conditions produces a hydrograph that 
Figure 5.7: Hurricane Ike - Initial Run 
matches the magnitude of the peak relatively well but does not capture the timing of the 
rising limb very well. This was contributed to the timing of the storm surge. The storm 
surge controls the rising limb of the hydrograph as can been seen in the figure which 
means that the timing issue could be resolved by lagging the storm surge to match the 
rising limb of the observed data at Horsepen. 
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Because the storm surge gage located on Horsepen Bayou was not at the 
downstream end, but instead at the midpoint of the bayou, the measurements recorded by 
it represent the combination of storm surge and inland rainfall. Figure 5.8 shows the 
stage recorded at Kemah and the stage recorded at Horsepen along with the averaged 
rainfall discussed previously. It can be seen that the storm surge controls the hydrograph 
until the rainfall begins. At this point the rainfall begins to control and continues to do 
Storm Surge vs Rainfall 
• Rainfall 
• Kemah 
• Horsepen 0.5 
-1 r 
9/12/08 9/12/08 9/12/08 9/12/08 9/13/08 9/13/08 9/13/08 9/13/08 9/14/08 9/14/08 9/14/08 9/14/08 
0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 0:00 6:00 12:00 18:00 
Time 
Figure 5.8: Storm Surge vs Rainfall 
so until the rainfall ceases, at which point the storm surge once again controls the shape 
of the hydrograph. This trend continues until the storm is over. The difference in the 
rising limbs of the Kemah and Horsepen hydrographs indicate that it took roughly two 
hours for the storm surge to travel inland through Clear Lake, Mud Lake, and Armand 
Bayou. To account for this in the model, the storm surge hydrograph recorded at Kemah 
was lagged by two hours and used as the downstream boundary condition for the model. 
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5.3 Model Results 
The data described above was input into the undsteady model and the Horsepen 
Bayou watershed was modeled under the rainfall and storm surge conditions of Hurricane 
Ike. In order to more fully understand how storm surge was affecting the model a base 
case was also needed. For this, storm surge was neglected and 'normal depth' was used 
as the downstream boundary condition. Figure 5.9 shows the observed hydrograph along 
with the two modeled scenarios. 
Figure 5.9: Hurricane Ike 
It can be seen that the modeled and observed hydrographs match very well for 
timing and stage (+2%). This result gives great confidence in the ability of the model to 
accurately represent the impacts of a rainfall event with storm surge event. 
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It is evidenced in this graph that the storm surge controls the shape of the 
hydrograph except at the point where the inflows from the rainfall peak, which is the only 
time that the two modeled hydrographs match. At the downstream end of the bayou, the 
flows reported by RAS are negative from 06:00 on the 9/12/08 until 6:00 on 9/13/08 
(Figure 5.10). Negative flows represent water moving upstream and interestingly, this 
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Figure 5.10: Negative Flows 
time frame corresponds with the start of the rising limb of the modeled hydrograph and 
ends at the point where the hydrograph starts its second peak. 
To evaluate the combined impact of storm surge and inland rainfall, the 
components had to be evaluated separately. To do this the model of Hurricane Ike was 
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run two additional times. For the first, rainfall was taken out of the model so that the 
stage hydrograph at the downstream end was the only driver. In the second run storm 
surge was removed and rainfall was the only driver. Figure 5.11 shows the water surface 
elevation created by each of these scenarios. The x-axis value of distance upstream is 
measured from the junction of Horsepen and Armand Bayous. The area between the 
three curves represents the combined effect of storm surge and inland rainfall. For 
Hurricane Ike, the combined effect is small and only spans half of the bayou. The upper 
half of the bayou is seemingly unaffected by storm surge. 
Figure 5.11: Water Surface Profiles 
5.4 Storm Surge and Rainfall Timing Issues 
Storm surge modeling has revolutionized in the recent years and there are models 
in place, such as ADCIRC, that do a very good job predicting both timing and severity of 
storm surge from a hurricane. However, because of the complexity of a hurricane 
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system, the timing and intensity of rainfall events are extremely difficult, if not 
impossible, to predict. Without being able to predict both aspects quickly and accurately, 
a hind cast model must be used. A sensitivity analysis was implemented to see what 
effect timing had on water surface elevations within Horsepen Bayou. 
The HEC-RAS unsteady model was originally run to capture the results of 
Hurricane Ike. To investigate the importance of timing, the storm surge was shifted both 
forward in time (Figure 5.12) and backward in time (Figure 5.13). In reality, the rainfall 
event is uncertain and thus the timing of this event would be more apt to change, but for 
modeling simplicity the timing of the storm surge was moved. The surge was moved by 
three and six hours in both directions. 
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Figure 5.12: Hurricane Ike with Surge Moved Forward in Time 
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Figure 5.13: Hurricane Ike with Surge Moved Backward in 
Time 
Results indicate that when the surge was moved forward 3 hours the maximum 
water surface elevation increased by roughly half a foot through the middle portion of the 
channel. In Figure 5.9 it can be seen that there is a double peak, one caused by storm 
surge and one caused by rainfall. By lagging the surge 3 hours these two peaks were 
more closely matched and a peak on peak scenario was created. When the surge was 
moved forward 6 hours the maximum water surface elevation matched the Hurricane Ike 
scenario for the far downstream and upstream portions of the bayou but was decreased in 
the middle portion by roughly half a foot. The six hour time shift creates enough 
separation between rainfall and surge peaks to cause a reduced impact. 
When the storm surge is moved backward in time, enough separation is created by 
the shift that rainfall and storm surge essentially act as separate events. Because of this, 
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the bayou is not overwhelmed by two sources of water and the maximum water surface 
elevation is reduced in both cases. 
5.5 100-vr Storm Event 
Hurricane Ike produced a 10 year rainfall event in the Horsepen Bayou watershed 
when it rained approximately 8 inches in 18 hours. This relatively small rainfall 
combined with storm surge produced flooding in excess of the 10 year flood plain. 
Because this rainfall event was small it raised the question of what would happen with a 
more intense rainfall. To investigate this, a standard 100 year storm created in the 
TSARP models (TSARP 2002) was input in the model with the same Hurricane Ike storm 
surge boundary condition that was used in the original model described above. 
Figure 5.14 shows the hydrograph at the same cross-section used during the 
Hurricane Ike simulation. At this location, it is apparent that the storm surge has no 
significant effect on the peak stage. Figure 5.15 shows the maximum water surface 
elevation of the channel under three different rainfall/surge scenarios. This figure shows 
the combined effect of storm surge and rainfall and it can be seen that the maximum 
combined effect was roughly one foot. The storm surge only had an impact in the lower 
end of the bayou. The significant amount of runoff produced in a 100 year storm was 
enough to make any backwater effects caused by storm surge negligible. Thus, the 100 
year rainfall event dominated for the case of Hurricane Ike storm surge. 
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Figure 5.14: 100-yr Storm with Varied Downstream Conditions 
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Figure 5.15: 100-yr Maximum Water Surface Profiles 
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Chapter 6 - Conclusions 
The HEC-HMS model created as part of TSARP proved to accurately model the 
hydrologic features of Horsepen Bayou. While the Vflo model performed equally well, 
the ease of data transfer to HEC-RAS as well as the fact that the TSARP model is widely 
accepted and used in the Houston area led to the selection of HEC-HMS as the 
hydrologic model for this study. 
As a precursor to the dynamic modeling of Horsepen Bayou, a "worst case" 
steady state simulation was run in which the storm surge was input as a known water 
surface elevation. From this known water surface HEC-RAS ran a backwater calculation 
and a floodplain was delineated using HEC-GeoRAS. These floodplains, found in 
Figures 3a and 3b show that under a surge condition, flooding would be exacerbated. 
The preliminary findings and the knowledge gained were used in the modeling and data 
interpretation of the unsteady model. 
To capture the behavior of the watershed for the entirety of a storm, as opposed to 
the peak on peak snap shot that the steady state model provides, an unsteady model must 
be used. From the steady state geometry an unsteady model was created and data 
collected during Hurricane Ike were input. The model matched measured data collected 
by the USGS to within 2% which represents a model that can accurately capture the 
effect of the complex link between inland rainfall and storm surge. Although this is 
purely a hind cast model, it provides the ability to look at a variety of rainfall/storm surge 
situations from which a better understanding of the behavior of the watershed can be 
gained. 
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By manipulating the timing of the storm surge and rainfall events a sensitivity 
analysis was performed. In this analysis the maximum water surface elevation was 
studied under five different rainfall/storm surge timing scenarios. It was evident, as 
shown in Figures 5.12 and 5.13, that in a three hour time window flooding could increase 
or decrease based on the which event happened first. The complexity of a hurricane 
system makes accurately predicting both of these events in advance an almost impossible 
task. Storm surge modeling has made great strides in recent history and models such as 
ADCIRC are proving to be very good at predicting storm surge, but rainfall is incredibly 
unpredictable. Even if there was a way to predict the timing of a rainfall event there is no 
way of predicting how much rain will be produced or what the shape of the hyetograph 
will be. Both of these play a very important role in the rainfall/runoff relationship of a 
watershed. 
Because the rainfall produced during Hurricane Ike was only a 10 year storm, 
more serious flood damage was probably evaded. To show what effect a 100 year 
rainfall event, which is reasonable to expect during a hurricane, would have on the 
watershed, a simulation was run using the storm surge data from Hurricane Ike and a 
standard 100 year rainfall event. The results show that, like the 10 year rainfall, the 
storm surge had a significant effect at the downstream end of the Bayou. However, the 
large amount of runoff produced was enough to dominate the effect of storm. 
It has been shown that HEC-RAS is more than capable of accurately modeling the 
complex interaction of the storm surge and rainfall created by a Gulf Coast hurricane. 
The model matched measured data for Hurricane Ike for both timing and stage and has 
proved to be a viable hind cast model. However, the model can currently only be used as 
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a research tool. Future work will need to be done to allow this modeling approach to be 
used as a predictive tool. 
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